The mammalian cochlea is innervated by two classes of sensory neurons. Type I neurons make up 90-95% of the cochlear nerve and contact single inner hair cells to provide acoustic analysis as we know it. In contrast, the far less numerous type II neurons arborize extensively among outer hair cells (OHCs) 1,2 and supporting cells 3, 4 . Their scarcity and smaller calibre axons have made them the subject of much speculation, but little experimental progress for the past 50 years. Here we record from type II fibres near their terminal arbors under OHCs to show that they receive excitatory glutamatergic synaptic input. The type II peripheral arbor conducts action potentials, but the small and infrequent glutamatergic excitation indicates a requirement for strong acoustic stimulation. Furthermore, we show that type II neurons are excited by ATP. Exogenous ATP depolarized type II neurons, both directly and by evoking glutamatergic synaptic input 5 . These results prove that type II neurons function as cochlear afferents, and can be modulated by ATP. The lesser magnitude of synaptic drive dictates a fundamentally different role in auditory signalling from that of type I afferents.
The mammalian cochlea is innervated by two classes of sensory neurons. Type I neurons make up 90-95% of the cochlear nerve and contact single inner hair cells to provide acoustic analysis as we know it. In contrast, the far less numerous type II neurons arborize extensively among outer hair cells (OHCs) 1,2 and supporting cells 3, 4 . Their scarcity and smaller calibre axons have made them the subject of much speculation, but little experimental progress for the past 50 years. Here we record from type II fibres near their terminal arbors under OHCs to show that they receive excitatory glutamatergic synaptic input. The type II peripheral arbor conducts action potentials, but the small and infrequent glutamatergic excitation indicates a requirement for strong acoustic stimulation. Furthermore, we show that type II neurons are excited by ATP. Exogenous ATP depolarized type II neurons, both directly and by evoking glutamatergic synaptic input 5 . These results prove that type II neurons function as cochlear afferents, and can be modulated by ATP. The lesser magnitude of synaptic drive dictates a fundamentally different role in auditory signalling from that of type I afferents.
The organ of Corti was dissected from the apical turn of postnatal rat cochleas (postnatal days (P) [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] and secured in a recording chamber. A few OHCs were removed by aspiration to reveal nerve fibres (,2 mm diameter) running along the cochlear spiral ( Fig. 1a-c ). Gigaohm-seal ruptured-patch recordings were performed from the fibres ( Fig. 1a -c). AlexaFluor 488 hydrazide was included in the recording pipette for subsequent visualization by post-hoc immunolabelling ( Fig. 1d ). Tracings from two fills ( Fig. 1e) show the minimally branched terminal field several hundred micrometres basal to a marked right-angle turn in the fibre towards the tunnel of Corti. These fills (in six fibres) revealed spiral processes 100-325-mm long that terminated among the OHCs, and variable filling of the radial, central-going process ( Supplementary Table 1 ), in one case to its soma in the spiral ganglion ( Fig. 1e ). These morphological features accord with type II afferent innervation patterns 2,6 .
Voltage-gated currents were elicited with a series of 10 mV steps from 2110 to 130 mV ( Fig. 1f ). Positive to 260 mV, transient, tetrodotoxin-sensitive inward currents were evoked ( Fig. 1f , inset). On the basis of their all-or-none appearance, these are probably 'action currents', arising in distant, unclamped membrane. Positive to 250 mV sustained outward currents were also evoked. These were not characterized further, except to note that they were reduced when caesium replaced potassium in the recording pipette.
In current-clamp recording, action potentials were evoked when type II fibres were depolarized with injected current (Fig. 1g ). Small excitatory postsynaptic potentials (EPSPs) were observed that averaged 3.8 6 2.0 mV in amplitude (n 5 1,709 EPSPs, n 5 8 fibres).
Under voltage-clamp, excitatory postsynaptic currents (EPSCs) ( Fig. 2a and inset) occurred several times per minute under resting conditions. When external potassium was increased from the normal 5.8 to 15 or 40 mM to depolarize presynaptic sources, EPSC frequency increased ( Fig. 2a and Supplementary Table 2 ). Amplitude histograms typically peaked near 18 pA (holding potential 290 mV) and were slightly skewed towards larger amplitudes ( Fig. 2b) , reaching a maximum of ,100 pA in some fibres. The mean amplitude value from 30 fibres was 28.3 6 8.3 pA.
Synaptic currents recorded at different holding potentials were averaged ( (n 5 6 fibres) ( Fig. 2d ). The AMPA (a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid)-type glutamate receptor antagonist NBQX reversibly blocked the EPSCs (n 5 7 fibres) ( Fig. 2e ). Synaptic currents in type II fibres were essentially eliminated by nifedipine (n 5 4) ( Fig. 2f ) that blocks voltage-gated Ca V 1.3 calcium channels in OHCs 7 . Thus, EPSCs recorded from type II fibres are mediated by AMPA-type glutamatergic receptors, and are presumed to reflect transmitter release from OHCs. Analysis of 12,043 EPSCs in 30 fibres from all rows gave average rise times of 1.1 6 0.3 ms, and decay time constants of 3.2 6 1.1 ms at room temperature (Supplementary Tables 2 and 3 ). Because each type II recording site might be anywhere within one length constant of presumptive inputs ( Supplementary Table 1 ), synaptic waveforms could be altered by cable loss. There was a weak negative correlation between EPSC amplitude and time course in some fibres (Fig. 2g) , whereas others were dominated by kinetically uniform EPSCs (Fig. 2h ), as though cable effects varied between recordings. Among 30 fibres there was a significant correlation between the average EPSC amplitude and decay time ( Fig. 2i ), suggesting that recording sites were located at different distances from the synaptic inputs. Although type II EPSCs varied in amplitude and kinetics ( Fig. 2j ), these typically rose and fell smoothly, without the obvious inflections commonly found in all type I fibre recordings 8 .
It is known that OHCs are depolarized by ATP 5 and that antibodies to P2X ATP receptors label type II fibres 9 . Thus, we next asked whether type II fibres were affected by ATP. The effect of ATP varied with postnatal age and will be described first for young (P5-P9) fibres. ATP applied from a nearby perfusion pipette led to frequent EPSCs (Fig. 3a ). ATP evoked EPSCs at 2.4 6 2.1 s 21 (n 5 10 fibres), not significantly different from the effect of 40 mM K 1 that depolarizes OHCs to 235 mV (n 5 5 cells) (Supplementary Table 2 ). ATP also evoked a prolonged inward current in type II fibres (Fig. 3a) . The slow inward current seems to be a direct effect of ATP on the type II fibre because it preceded the EPSCs and was unchanged by the application of nifedipine that eliminated the ATP-evoked increase in EPSCs (n 5 4, not shown). In current-clamp experiments, ATP depolarized type II fibres (31.3 6 10.1 mV, n 5 4) and induced EPSPs, although action potentials were rarely seen. However, this lack of action potentials may be an artefact of 'wash-out' because ATP reliably induced action potentials in type II fibres in extracellular, loose-patch recordings (n 5 7) (Fig. 3b ). This excitation was prevented by the P2X antagonist PPADS (n 5 4, Fig. 3b ). PPADS also eliminated ATP-evoked EPSCs observed during intracellular recording from type II fibres (not shown).
In newly hearing animals (P12-P13), type II fibres had voltagegated sodium and potassium currents, and had EPSCs with average amplitudes and waveforms that were not different from those of younger fibres (not shown). ATP produced significantly less effect in voltage-clamp ( Fig. 3c ) and current-clamp ( Fig. 3d ). However, ATP was still able to evoke extracellularly recorded action potentials from four out of seven type II fibres at P13. Intracellular fibre recordings become exceedingly difficult with increasing animal age. Nonetheless, voltage-clamp and current-clamp recordings were achieved from several type II fibres at P17-P19, revealing EPSCs (Fig. 3e ) and action currents as in younger fibres. In three out of six recordings, the application of ATP produced an effect on membrane current or membrane potential (Fig. 3f, g) , although this was smaller than at younger ages.
Type II afferent function has been a mystery since the early twentieth century 6 . In contrast to the wealth of information on type I afferents, only one anatomically confirmed type II recording has been made in vivo, showing no spontaneous activity and no response to even very loud sound 10 . Voltage-and current-clamp recordings from type II neuronal somata ex vivo have begun to define voltage-gated conductances 11 , and revealed slowly accommodating repetitive action potentials 12 , but could not assess synaptic inputs. By recording near the terminal arbor, we show that type II afferents receive glutamatergic synaptic input and also are subject to purinergic activation.
The EPSCs in type II afferents were much less frequent, slower on average and significantly smaller than glutamatergic EPSCs in type I afferent boutons on inner hair cells (IHCs) 8, 13 . Cable loss probably accounts for some differences in waveform, although other reports suggest the possibility of fundamental differences between type II and type I glutamatergic mechanisms 14, 15 . What is more certain is that presynaptic mechanisms differ substantially for type I and type II afferents. Considering that there are more than a dozen presynaptic OHCs 1 , EPSCs were remarkably infrequent in type II afferents compared to much higher release rates from a single IHC ribbon synapse onto a type I afferent 8 ( Supplementary Table 2 ). This indicates that overall synaptic transfer is relatively poor from OHCs, consistent with reports of smaller voltage-gated calcium currents in OHCs compared with IHCs 16 . However, OHCs are capable of vesicular fusion 17 , and support it with the same dihydropyridine-sensitive calcium channels (Ca V 1.3) as in IHCs 7 . Furthermore, OHCs do have synaptic ribbons, although fewer than IHCs, not at every afferent contact, and their prevalence may differ between species 18, 19 . Type II afferents also contact Deiters and Hensen cells, but these are unlikely to contribute because they possess no presynaptic ultrastructure, and are described as postsynaptic to type II afferents 20, 21 .
Although type II synaptic organization remains incompletely resolved, it is clear from the present data that OHCs release vesicles infrequently, and the postsynaptic effect is relatively small. The dominant mode of EPSC amplitude distributions may correspond to the release of a single vesicle, in contrast to multivesicular release at the IHC afferent synapse 8, 22 . In keeping with that suggestion, 'multiphasic' EPSCs were not observed in the type II recordings, promising future insights into variation among hair cell release mechanisms. Whatever the underlying mechanism, the net result is that synaptic release from OHCs produced only modest depolarization of the type II fibre, and seems unlikely on its own to signal moderate acoustic stimulation. Although both groups of afferents project together to the cochlear nucleus 23 , the basalward spiral of type II afferents indicates an offset (, 1/4 octave) towards higher acoustic frequencies than those of associated type I afferents 4 . The present results require such higher frequency sound to be significantly louder, if type II activity were to be integrated centrally with that of neighbouring type I afferents.
Diverse roles have been suggested for the function of type II afferents, including measuring the 'set-point' of OHC electromotility 11 , or regulating a local network of signalling between OHCs through reciprocal synapses 14 . The developmental fall in sensitivity to ATP observed here is consistent with the downregulation of some P2X receptors during development 24 , and suggests a possible role in synaptic maturation like that reported for type I afferents 25 . Finally, previous workers have proposed that type II afferents might mediate responses to loud, even painful sounds 26 . Tissue damage triggers calcium waves in supporting cells that depend on release of ATP 27 , and loud sound can increase ATP levels in cochlear fluids 28 , reminiscent of the role of ATP in somatic pain 29 . The participation of type II afferents would be strengthened by renewed sensitivity to ATP, and there is evidence that exposure to loud sound increases the expression of cochlear P2X receptors 30 .
METHODS SUMMARY
The organ of Corti was dissected from the apical turn of postnatal (P5-P19) rat cochleas and secured in a recording chamber. Four-to-six OHCs were removed by aspiration to reveal nerve fibres (,2 mm diameter) running along the cochlear spiral. Gigaohm-seal ruptured-patch recordings were performed from the fibres using borosilicate glass electrodes with resistances of 6-10 MV. EPSCs were recorded in voltage-clamp at a membrane holding potential of 290 mV, unless otherwise noted. EPSPs were recorded in current-clamp with the fibre membrane potential held at 260 to 265 mV by direct current injection. Action potentials were induced in current-clamp by depolarizing current injection in 10-pA steps. Action potentials were also recorded during loose-patch extracellular recordings performed with a seal resistance of 3-4 times the electrode resistance. Pharmacological compounds were applied with a gravity-fed, large bore application pipette placed near the recording site. AlexaFluor 488 hydrazide (10 mM) was included in the recording pipette for diffusion into the fibre and subsequent visualization by post-hoc immunolabelling. The labelled fibre was imaged using a confocal microscope. Data are presented as the mean 6 s.d.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
